Abstract. We present a detailed and systematic investigation of correlated spectral and timing properties of the Z source GX 349+2, using a huge amount (∼ 40 ks) of good quality data from September 29, 1998 to October 13, 1998 with the Proportional-Counter-Array on-board RXTE satellite. We, for the first time, give a detailed comparison between the normal-branch-properties and the flaring-branch-properties of this source, as it shows an extended normal branch (which is a rare phenomenon for it) for our case. In our work, the properties of the peaked noise are analyzed as functions of the position on the Z-track (in color-color-diagram), and they are discussed in connection with the peaked noise seen for another Z source Cyg X-2 (at low overall intensities). This will help to construct theoretical models for the peaked noise, as well as to understand the physics behind the Z-shaped tracks traced by these kind of sources in color-colordiagram. We also find a QPO (centroid frequency ∼ 3.8 Hz) at the upper part of the flaring branch. This is for the first time, a QPO is seen from this source and hence is very important in understanding the nature of its X-ray emitting components.
Introduction
The bright low-mass X-ray binary (LMXB) GX 349+2 (also called Sco X-2) belongs to a class, called Z sources (Hasinger and van der Klis 1989) . These are the most luminous Send offprint requests to: Vivek K. Agrawal the width of the peaked noise component decreases with increasing intensity, which is contrary to the suggestion made by several models (Lamb et al. 1985; Boyle et al. 1986; Hameury et al. 1985) . Ponman et al. (1988) noticed that the strength of the peaked noise is maximum in the intermediate intensity band, i.e., at the NB/FB vertex. However in their work, the lower part of FB and NB could not be differentiated clearly, since they divided the data according to the intensity and not according to the position along the Z curve. They also investigated energy dependence of peaked noise properties and found that rms strength of peaked noise was higher in the higher energy bands and there was no time lag between hard and soft photons. Observation with GINGA Large-Area-Counter indicates that the width and the centroid frequency of peaked noise component does not vary significantly as the source moves along FB (O'Neill et al. 2001) . They found that the strength of the peaked noise are maximum in the lower part of FB (∼ 10% of the way up the FB) and it becomes weaker as the source moves up the FB. Kuulkers & van der Klis (1998) reported the detection of a similar peaked noise component at the lower part of FB using ∼ 4 hrs of RXTE observation. A broader and somewhat weaker peaked noise was detected when the source was in the NB. They also showed that rms strength of peaked noise increases with increasing photon energy. Till now for GX 349+2, a narrow NBO or FBO has never been observed.
Inspite of being unique (Kuulkers & van der Klis 1998) among the Z sources, GX 349+2 is the least-understood one, and even not well-observed. In this paper, for the first time we present a detailed quantitative study of this source with good quality RXTE PCA data. A similar peaked noise (as observed in GX 349+2) was observed for the Cyg-like Z source Cyg X-2 at low overall intensities (Kuulkers et al. 1999) . We therefore compare the Z curves for these two sources, in order to understand the physics behind the peaked noise. In the absence of a proper model, our detailed study is expected to help formulate one.
In section 2, we describe the observations and the procedure of analysis. We summarize the results in section 3 and discuss the implications in section 4.
Observations and Analysis
We analyze RXTE-PCA public archival data from September 29 to October 13, 1998.
The other observations of this year (in January, 1998) were analyzed by Zhang et al.
(1998) and they reported the finding of twin kHz QPOs. We use the data for which all 5 PCUs were on. The total good amount of data available for our analysis is 39.8 ks (details of observations are shown in Table 1 ). For the data reduction and analysis, we use standard FTOOLS package version 5.0 distributed and maintained by NASA.
The Standard 2 mode data with time resolution of 16 s and effective energy range of 2-60 keV are used for the spectral analysis. The background subtraction is applied on the data before creating the X-ray spectra. The sky VLE model of epoch 3 for bright source is used to calculate the PCA background. X-ray color-color diagram and hardnessintensity diagram are constructed using 256 s averages. We define the soft color as the count-rate-ratio between 3.5-6.4 keV and 2-3.5 keV energy bands and hard color as the count-rate-ratio between 9.7-16 and 6.4-9.7 keV energy bands. The intensity is defined as the count rate in the energy band 2-16 keV. To define the position of the source along the Z-track, the 'rank number' or 'S z ' parameterization technique was first introduced by Hasinger et al. (1990) and has been further modified (Hertz et al. 1992; Kuulkers et al. 1994; Dieters and van der Klis 2000) . We use the current version of this technique modified by Dieters and van der Klis (2000) . We select the normal points in the CD such that they form a smooth curve The color-color points in the CD are projected on this smooth curve. The S z parameter for each projected points were calculated by measuring their distance from NB/FB vertex. We choose two reference points: NB/FB vertex (S z = 2) and the end point of the FB (S z = 3). The rest of the Z-track is normalized using the length of FB. The power spectra for all observations are created using science event mode (E 8µs 32B 14 1s) data of 8µs time resolution and energy range 5.1-60 keV. We create power spectra for 8 s intervals and then averaged over the time intervals that correspond to the change in the mean S z parameter by ≤ 10%. The average power spectra are rebinned afterwards. The power spectra are fitted by a simple power law (between 0.125-150 Hz; representing the VLFN) and a Lorentzian (denoting the peaked noise). To study the energy dependence of noise components, we create power spectra in the energy bands, 2.0-5.1, 5.1-7.0, 7.0-10.0, 10.0-16.0 keV. We use SB 250 250µs 0 13 2s mode data of 244µs time resolution to extract the power spectra in the energy band 2.0-5.1 keV. Errors on the fitting parameters are calculated by using ∆χ 2 =1.0 (68% confidence).
Results
The complete X-ray color-color diagram for 14 days observations consists of an extended FB and comparatively smaller and vertical NB (Figure 1 ). The solid curve in Figure   1 represents an approximate Z-track passing through the normal points. The hardnessintensity diagram for these observations is shown in Figure 2 . The intensity of the source increases by a factor of two as it moves from NB/FB vertex to the top of FB, but it does not vary much along NB, since the NB is almost vertical. It is noticed that FB is more scattered at higher intensities. We find that during our observations, the source occupies different parts and covers different fractions of the Z-track (Table 1) . During the most of the observations, source is found in various parts of FB and it spends ∼ 79% of total good time in this branch. The variation of mean S z values (from Table 2 ) on time scale of several days is shown in Figure 3 . There are only a few points below S z = 2 and therefore, the occurrence of the NB is a rare phenomenon. However, unavailability of continuous data does not allow us to say about the motion of the source between two consecutive S z values in this figure. We find that during observation no. 7, source travels from lower part of FB to upper part of FB in a time scale of ∼ 30 minutes and covers maximum fraction of Z-track (∼ 68%). The transition from NB to FB or vice versa is detected during three observations, and out of these three, the source traces maximum portion (16.5%) of the Z-track during observation no. 9. The motion of the source along the Z-track as the function of time during this observation is shown in Figure 4 . The kinematics of motion is measured in terms of the speed of source along the Z-track. We define the speed of source along the Z-track at a given value of S z (i) as mod (S z (i + 1) − S z (i − 1))/512 and from them the average speed is calculated for each observation (see Table 1 ). We find that source moves with slower average speed in NB compared to that in FB and within FB, it moves faster in the upper part.
We find broad peaked noise (PN) component with frequency ∼ 4 − 8 Hz and FWHM ∼ 6 − 11 Hz both in NB and FB ( Figure 5 ). This feature is present between S z =1.83 to S z =2.79, which covers about 80% of the whole Z track (Table 2 ). However, in between there are a few points, where PN is not present and power spectrum is best fitted by simple power law representing the VLFN.
We investigate the properties of PN and VLFN as the function of position in CD. is ∼ 2.85%. It is noticed that during observation no 18 and second half of the observation no. 3, mean S z values are same (2.03) but rms values of PN during these observations are significantly different (see Table 2 ).
The VLFN rms strength (0.125−1 Hz) for the first two S z values in NB is substantially higher (see Table 2 ). We notice that VLFN is stronger in NB compared to FB. The average value of VLFN rms in NB (excluding the first two points) is ∼ 3% and in FB is ∼ 1.9%.
We also probe the change in properties of PN near NB/FB vertex using single continuous observations. As mentioned earlier, we have three such observations with numbers 3, 13 and 9, for which the source is present both in NB and FB ( from FB to NB and the width of PN increases from ∼ 9 Hz to ∼ 11 Hz (see Table 2 ).
During observation no. 9, the source traces significant portion of Z-track and therefore, we systematically study (i.e., using S z parameter) the properties of PN for each 256 s for this observation. Such a study shows that PN becomes broader and %rms increases as the source moves from NB to FB (Figure 8 ). The rms strength is found to be highest at S z = 2.03 for this observation.
We find a narrow structure in power spectrum at S z = 2.64 (ν c ∼ 3.8 Hz and F W HM ∼ 1.7 Hz). This feature clearly stands out in Figure 6 and 7 and we mark it by a 'square' symbol. The quality factor of this feature is ∼ 2.2 and therefore, this feature is a QPO, and may not be a PN. The QPO is found when the intensity of the source was decaying and then dipping after a large intensity flare ( Figure 10 ). To find the position of the occurrence for this QPO feature, we divide the light curve at S z = 2.64 ± 0.07 in 4 intervals of 128s and create power spectra for each of these intervals. The investigation of these power spectra reveals that QPO feature is present only during the last interval, which corresponds to the intensity dip. The power spectrum during this dip is shown in Figure 9 . The finding of this QPO is significant with 90% confidence level (using F-test). The %rms, centroid frequency and FWHM of the QPO during the dip are 1.72±0.3, 3.72±0.3 and 1.41±0.4 respectively.
We investigate the photon energy dependence of PN strength in FB as well as in NB.
We select two S z ranges from each of these two branches, such that %rms of PN in the energy range 2-60 keV is ≥ 4% for these S z ranges. Power spectra in the energy bands 2-3.5, 3.5-6.4, 6.4-9.7 and 9.7-16 keV are constructed for each of these S z ranges and while fitting the power spectra, ν c and FWHM of PN are fixed at the values that are the best-fit values for the energy range 5.1-60 keV. We find that rms strength of PN shows a positive correlation with the photon energy, in both NB and FB (Table 3) .
Finally, we compare the CDs of Cyg X-2 at low-overall and high (or, medium) intensity states with that of GX 349+2. We make use of Figure 1 of Kuulkers et al. (1999) to calculate CDs for Cyg X-2. Both GX 349+2 and Cyg X-2 (at low overall intensity) show only NB and FB. It is noticed that the transition of Cyg X-2 from high (or, medium) intensity state to low-overall intensity state causes NB/FB vertex to move towards a higher hard color value (Figure 11 ).
Discussion and Conclusion
In this paper, we have analyzed ∼ 14 days' (total good-time duration is 39.8 ks) data for the Z source GX 349+2 observed by RXTE PCA. We have computed color-color diagram (CD) and hardness-intensity diagram (HID) for this source with 256 s time average. Such a big time average has been taken in order to differentiate between the normal branch (NB) and the flaring branch (FB) in an unambiguous way, and even with it, we get enough number of points in CD and HID, as we have a huge good-time data set. We have got an extended normal branch for this source, which for almost all of the earlier observations, showed a very small normal branch (like a blob). Therefore, this is for the first time, it has been possible to compare the properties of NB and FB (and also to study the importance of NB/FB vertex) for this source with long-term good quality data.
To understand the nature of the property-variation of the source more quantitatively, we have defined rank number (S z ) along the Z-track (as described in section 2). We have chosen S z = 2 for the NB/FB vertex and S z = 3 for the end point of FB. This is to facilitate the comparison with other five Z sources (that show horizontal branch), as for these sources HB/NB vertex is generally chosen as S z = 1 and NB/FB vertex as S z = 2.
Our analysis shows that for ∼ 79% of total observation time, the source remained in the FB (see Figure 3 and Table 1 ). This is in accordance with the fact that GX 349+2 was almost always found to be in FB. The Z-track given in Figure 1 is actually a combination of several Z-tracks, traced by the source in different days. Figure 4 shows how the source moves in CD in the time scale of ∼ 1 hour on a particular day. Here it moves from FB to NB (covers ∼ 17% of the length of the Z-track in ∼ 30 minutes), i.e., in the direction of decreasing 'inferred-accretion-rate'. We also see (from Table 1 ) that the source can move in both the directions along the Z-track.
We have found two kinds of noises in the power spectra: (1) very-low-frequency-noise (VLFN) and (2) 17+2 these values were 0.4% − 0.8% and 0.5% − 1.6% respectively, for the same range of frequency). Therefore, in general VLFN for GX 349+2 is much stronger. The earlier studies have shown that VLFN strength for this source increases along FB (Ponman et al. 1988; Paul et al. 2001) , but for our case it does not vary systematically along this branch (see Table 2 ).
The broad QPO (that is to some extent similar to N/FBO of other Z sources) was found in FB of GX 349+2 for all the past observations. By the definition of QPO (quality factor Q > 2), this feature in power spectra may not be called a QPO. O'Neill et al. (2001) called it 'FBN', as they found it mostly in the flaring branch (they had only one S z -point in NB). However we call it 'PN', as we have discovered it in both NB and FB, and its nature does not change much from one branch to another.
We, for the first time, have studied the properties of PN quantitatively (i.e., using the S z parameter) for both NB and FB. O'Neill et al. (2001) attempted it with GINGA data, but their data-quality was poor and they did not get an extended normal branch (as is mentioned earlier). As a result, they gave the ranges of centroid frequency (ν c ; 4 − 7 Hz), full-width-half-maximum (FWHM; 6 − 12 Hz) and the maximum value of percentage rms (∼ 3%) of PN for the full Z-track. Kuulkers & van der Klis (1998) did not study the variation of PN-properties with S z . Therefore, they have found the values of ν c , FWHM and percentage rms in NB (∼ 9.4 Hz, ∼ 16 Hz and 3% respectively) and in FB (∼ 6 Hz, ∼ 11 Hz and 4% respectively), and not the ranges. In Table 2 , we have displayed a detailed variation of these parameters with S z . For our case, ν c of PN comes in the range 5.0 − 8.3 Hz (on average 6.5 Hz) for NB and 4.7 − 6.6 Hz (on average 5.5 Hz)
for FB. Therefore ν c on average slightly decreases, as the source moves from NB to FB.
This is in accordance with the earlier results (Kuulkers & van der Klis 1998). The ranges
of FWHM come out to be 5.5 − 11.2 Hz (for NB) and 4.8 − 11.0 Hz (for FB), which is also not very different from what previous studies found. From Table 2 , we see that the ranges of percentage rms are 2.3% − 5.3% in NB and 1.6% − 4.4% in FB. Therefore, Table 2 shows that PN appears upto 80% of the length of FB, whereas previous results (O 'Neill et al. 2001) show that it occurs upto atmost 40% of FB-length. It is also possible that the variation of PN-properties depends on the direction of motion of the source along the Z-track. For example, for observation no. 3 (source moves from NB to FB) FWHM increases from 5.5
Hz to 8 Hz, and for observation no. 13 (source moves in opposite direction, i.e., from FB to NB) FWHM increases from 9 Hz to 11 Hz. Therefore, although these two observations were made on different days, it is likely that the variation of PN-properties along the Z-track is not reversible.
It is worth comparing the results of GX 349+2 with those of other two Sco-like sources, namely, GX 17+2 and Sco X-1. We have found that Sco X-1 has the highest value of l NB /l FB (ratio of NB-length to FB-length) among these three sources and GX 17+2 has the lowest value (see Homan et al. 2001; Dieters & van der Klis 2000) . GX 349+2 have never traced HB in the CD unlike the other two sources. But the most important difference is (as mentioned in section 1) that GX 17+2 and Sco X-1 show narrow QPOs (NBO in the normal branch and FBO in the flaring branch), whereas GX 349+2 shows a broad QPO-like structure (PN in both NB and FB). There is a possibility that these two phenomena have similar origin. This is because they have a few properties common. For example, ν c for NBO has the value (5 − 7 Hz) similar to that for PN, and both N/FBO and PN can be fitted by Lorentzian. Besides, the strength of each of N/FBO (Sco X-1; Dieters & van der Klis 2000) and PN (GX 349+2; see Table 3 ) increases with increasing photon energy. In addition to that, there is no time-lag between high-energy and lowenergy photons for both N/FBO and PN. However, there are several mismatch among the properties of these two. It is already mentioned that N/FBO is narrow (Q-value almost always is greater than 2), while PN is broad (Q-value is generally less than 1). In addition to that, NBO and FBO are two different QPOs, although it is widely believed that these two are same phenomena and NBO quickly transforms to FBO at the NB/FB vertex. However, there is no doubt that PN in both NB and FB is the same phenomenon. From the content of the previous paragraph, it may be clear that a single model for both N/FBO and PN is very difficult to formulate. According to the standard model for N/FBO (Fortner et al. 1989; Lamb 1991; Psaltis et al. 1995) , radial oscillations in the optical depth of radial inflow (caused by the radiation pressure at near Eddington luminosity) produce a rocking in the X-ray spectrum, which gives rise to NBO. Although this model may be able to explain N/FBO of Sco X-1, it can not explain PN, as PN-frequency does not increase with the 'inferred accretion rate' in FB. Besides for our case, PN has been observed 80% of the way up the FB. According to the standard model, oscillations are supposed to be suppressed at such high accretion rate. An alternative model (Titarchuk et al. 2001) , that identifies NBO-frequency as the spherical-shell-viscous-frequency, is also not adequate to explain PN.
A peaked noise (similar to that for GX 349+2) was observed for the Cyg-like Z source Cyg X-2 (Kuulkers et al. 1999) at low overall intensities. The noise-component extends from 2 Hz to 20 Hz in the power spectrum, peaking near 6 − 7 Hz (percentage rms 3%).
To investigate whether the peaked noise components of GX 349+2 and Cyg X-2 have the same origin, we have computed the CD of GX 349+2 using the same energy ranges as given in Kuulkers et al. (1999) . We have found (Figure 11 ) that at low overall intensities, the Z-track of Cyg X-2 looks similar to that of GX 349+2 (none of them shows HB), and although for GX 349+2, the Z-track is shifted towards higher soft color, there may be some connection between these two sources through the hard color. This is because the hard-color-value of the NB/FB vertex for Cyg X-2 increases (i.e., shifts towards (actually becomes more) that for GX 349+2), when it changes from high (or, medium) overall intensity to low overall intensity (the gradual change has not been observed). All these indicate that the nature of the X-ray emitting components of GX 349+2 and that of Cyg X-2 (at low overall intensities) may be similar to some extent and the intensity in the energy range 6.4 − 16.0 keV (used to calculate hard color) may be an important clue to understand such similarity. If the origin of peaked noise components of the two sources are actually same, then it may be possible that such noise components are originated in the region, which produces most of the luminosity in 6.4 − 16.0 keV energy range. This is supported by the fact that the rms strength of PN is higher in the energy range 7−16 keV compared to that in a lower energy range (see Table 3 ). However, as the CD represents a rough spectral behavior, to establish a connection between the two PN components, it is essential to compare the energy spectra of these two sources in details.
We have already mentioned that for S z = 2.64, we have found a QPO for GX 349+2. This is, to our knowledge, the first low-frequency-QPO seen for this source (if we do not consider PN as QPO). The FBOs with ν c ≥ 10 Hz have been observed from other five Z sources. But the QPO we see for this source has a much lower frequency (ν c = 3.8 Hz)
and therefore, it is certainly not a FBO. There is a possibility that it has the same origin as of PN (because at the time when it occurs, PN does not occur), but appears with higher quality factor. However from Figure 6 , we see that its properties (marked by a 'square') are very different from the properties of PN. Therefore it is unlikely that these two have the same origin. A similar 26 Hz QPO has been observed from Cyg X-2 during the intensity dip (Kuulkers & van der Klis 1995). There, the authors suggest that a thick torus like structure, formed due to puffing up of inner disk at large accretion rate may obscure the inner emission region from our line of sight and oscillation in such a obscuring torus may provide the explanation for this type of the QPOs. This model requires a higher inclination of the source. The inclination of Cyg X-2 is ∼ 60 and Kuulkers 1999) . If the QPO seen for GX 349+2 is also due to the oscillation in such a thick torus, then the inclination of this source should be close to that of Cyg X-2.
As mentioned in section 1, GX 349+2 is not a well-observed source and certainly is the most poorly understood one among the Z sources. However, it shows interesting phenomenon like PN (which is probably also observed from Cyg X-2 for a particular position of Z-track in CD). Therefore, the study of this source may be very important to understand the physics behind the tracks traced by the Z sources in CD and HID. The detailed study of GX 349+2 in this paper will be useful for this purpose, as well as will help to formulate a correct theoretical model for PN.
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Soft color is the ratio of count rates in energy band 3.5-6.4 keV and 2-3.5 keV and hard color is the count-rate-ratio in energy bands 9.7-16 keV and 6.4-9.7 keV. Each point corresponds to a 256 s bin size. The solid line shows best-fitted-curve (power-law+Lorentzian). The narrow feature in the power spectrum is the QPO at ∼ 3.8 Hz. and GX 349+2. The curve with label '1' is Z-track for Cyg X-2 in high/medium intensity state and that with label '2' is Z-track in low intensity state. These tracks have been generated using figure 1 of Kuulkers et al. (1999) . The curve with label '3' is the Z-track for GX 349+2. Here the definitions of soft color and hard color are slightly different, i.e., they are the logarithms of soft color and hard color (respectively) used in figure 1. Table 3 . The photon energy dependence of %rms of PN for four different S z values.
